Enhancement of the Intermolecular Magnetic Exchange through Halogen···Halogen interactions in Bisadeninium Rhenium(IV) Salts
Magnetic susceptibility measurements on polycrystalline samples of 1 and 2 in the temperature range 2.0-300 K show the occurrence of significant intermolecular antiferromagnetic interactions in both compounds, resulting in the observation of maxima in χM at ca. 6.0 (1) and 12.0 K (2). The larger spin delocalization from the Re IV ion onto their peripheral bromide ligands when compared to the chloride ligands accounts for the enhancement of the magnetic exchange observed in 2.
Adenine is one of the five main natural nucleobases that are precursors and part of the self-assembled structures of the nucleic acids (DNA and RNA). As with other nucleobases, adenine has been studied for decades due to its capacity to establish diverse noncovalent interactions and its potential metal ion binding ability in complex, natural and artificial nanostructures. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It is well-known that the combination of hydrogen bonds and π-π stacking interactions among nucleobases provides the conformation and function of macromolecular biological systems. [1] [2] [3] Protonated and deprotonated nucleobases play a key role in many biochemical processes, and can also generate supramolecular compounds of interest in crystal engineering, molecular recognition, liquid crystals, molecule-based magnetism and materials science. [12] [13] [14] [15] [16] [17] [18] [19] The nucleobase adenine presents up to four endocyclic (N1, N3, N7 and N9) and one exocyclic (N6) protonatable N-atoms (in basicity order: N9 > N1 > N7 > N3 > N6) which can afford a wide range of neutral tautomers and protonated forms (Chart 1). Both organic and inorganic salts based on mono-and diprotonated adenine [adeninium (B) or bisadeninium (C), respectively] are found in the literature. While there exist paramagnetic compounds with adeninium, all bisadeninium-based salts reported to date are diamagnetic in nature. [20] [21] [22] [23] [24] [25] [26] Chart 1. Molecular Structures of 9H-adenine (A) and its mono-and diprotonated, 9H-adenine-1-ium (B) and 9H-adenine-1,7-diium (C) Derivatives Anionic halorhenate(IV) salts are very appealing because of their unique magnetic properties, which include both slow relaxation and quantum tunneling of the magnetization and long-range magnetic order originating from single-ion or cooperative magnetic behaviours, respectively. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In particular, the simple hexahalorhenate(IV) salts [Re IV X6] 2-(X = F, Cl, Br, and I) of paramagnetic and diamagnetic cations generally show significant short-range intermolecular ferro-or antiferromagnetic interactions, which are mainly transmitted through relatively short intermolecular Re-X···X-Re contacts, occasionally leading to collective magnetic phenomena such as ferromagnetism and spin canting (weak ferromagnetism).
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Herein we report the synthesis and magneto-structural characterization of two novel Re IV compounds of general formula [H2ade]2[Re IV X6]X2·4H2O [H2ade 2+ = 9H-adenine-1,7-diium; X = Cl (1) and Br (2)]. 1 and 2 are the first paramagnetic salts based on diprotonated adenine. (2)], bisadeninium cations, and water molecules of crystallization, which self-assemble in the crystal lattice through an intricate and extended network of hydrogen bonds and X···X type intermolecular interactions (Figures 1-5 and Figures S1-S5 ).
Results and Discussion
The asymmetric unit in 1 and 2 consists of half a [Re IV X6] 2-anion, with the rhenium atom lying on a special position, a chloride (1) or bromide (2) ion, a bisadeninium molecule, together with two crystallization water molecules. Figure 1 shows the [Re IV Br6] 2-anion with its secondsphere coordination environment for 2 (see Figure S1 for 1). [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] The doubly protonated adenine cation is planar, as expected (see Figures 1-4 and S1-S4 for 2 and 1, respectively). The average values of the C-C and C-N bond lengths are in agreement with those found in their corresponding salts. [20] [21] [22] [23] [24] [25] [26] 61 As expected, the additional protonation at the N1 and N7 nitrogen atoms makes the bisadeninium cations behave as excellent H-bond donors in 1 (Figures S2 and S4) and 2 ( Figures 2 and 4) . In fact, they are involved in three types of hydrogen bonds with the [Re IV X6] 2-or X -anions [X = Cl (1) and Br (2) Figure 5  and S5 ). The halide ions are grasped between the nucleobase entities through hydrogen bonds with the nitrogen atoms and lattice water molecules (Figures 3 and 4) . Layers of bisadeninium cations and hexahalorhenate(IV) anions further interact by anion-cation, cation-water and water-water hydrogen bonds (Figure 3 ). This supramolecular network is further supported by halogen bonding interactions (see Figures 2 and 4 for 2 and Figures S2 and  S4 for 1) . Table 2 
Magnetic properties of 1 and 2
Direct current magnetic susceptibility measurements were carried out on microcrystalline samples of 1 and 2 in the 2.0-300 K temperature range, under external magnetic fields of 0.1 T (at T > 30 K) and 0.025 T (at T < 30 K). The magnetic properties of 1 and 2 in the form of both MT and M vs. T plots (M being the molar magnetic susceptibility) are shown in Figures 6 and 7 , respectively. At room temperature, the MT value is 1.53 cm 3 mol -1 K for 1 and 2, a value which is very close to that expected for a magnetically isolated Re IV ion (SRe = 3/2) with g = 1.8-1.9. 27 Upon cooling, the MT values for 1 and 2 continuously decrease reaching values of 0.10 (1) and 0.05 cm 3 mol -1 K (2) at 2.0 K. The decrease of MT observed for 1 and 2 is likely due to the presence of intermolecular interactions and/or zero-field splitting (zfs) effects. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] The presence of a maximum in the magnetic susceptibility at ca. 6.0 (1) and 12.0 K (2) (see insets of Figs. 6 and 7) unambiguously supports the occurrence of antiferromagnetic exchange interactions between the Re IV ions. No out-of-phase signals in the ac magnetic susceptibility are observed for either 1 or 2. In fact, a detailed inspection of the crystal packing features of 1 and 2 reveals the presence of short X···X contacts between the paramagnetic [ReX6]
2-anions (Figs. 2 and S2), which could serve as convenient pathways for the transmission of the exchange interactions between the magnetically anisotropic Re IV ions. 27, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] In order to analyze the magnetic behavior of 1 and 2, we have employed the spin Hamiltonian for a mononuclear rhenium(IV) complex of eq (1), 62 where D is the zero-field splitting parameter and g and g are the parallel and perpendicular components of the Landé factor of an axially distorted Re IV ion. 
The first term in eq (1) corresponds to the zero-field spliting (2D being the energy gap between the two MS = ±3/2 and MS = ±1/2 Kramers doublet), and the last two terms the Zeeman effects. The magnetic susceptibility data of 1 and 2 were fitted through the appropriate theoretical expression derived from eq (1) by including an additional θ term to account for the intermolecular magnetic interactions (zj), where θis the Weiss factor defined as θ = zjSRe(SRe + 1)/3kB within the mean field approximation. 62 Attempts to fit the experimental data of 1 and 2 through a Heisenberg linear chain coupling model gave low-quality fits, especially in the low temperature region. The least-squares fits of the experimental data for the isotropic case (g = g = g) gave |D| = 8.03 cm -1 , g = 1.85 and θ = 12.6 K with R = 8. Figures 6 and 7) . Hence, the estimated values of the intermolecular magnetic exchange parameter (zj) are 7.0 and 9.3 cm -1 for 1 and 2, respectively. The obtained values of g and D for 1 and 2 are in agreement with those previously reported for compounds containing [ReX6] 2-anions. [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] The negative sign of the θ values obtained from the fits supports the occurrence of significant antiferromagnetic interactions between the Re IV ions, the zj value of 2 being greater than that of 1.
These results can be explained, at least in part, by the different nature of the halide ligands which are involved in the intermolecular double bridging network for 1 and 2, {Re IV −X···X−Re IV }2 [X = Cl (1) and Br (2)], as illustrated in Figure 8 . Given that 1 and 2 are isostructural salts and the intermolecular X···X distance is the same in both compounds [r = 3.80 (1) and 3.81 Å (2)], the stronger magnitude of the magnetic exchange coupling in 2 is likely due to the more diffuse character of the 4p orbitals of the bromide ions, compared to the 3p orbitals of the chloride ions in 1, in spite of the larger Re-X bond lengths [R = 2.359 (1) (1) (2)]. This feature leads to an increase in the overlap between either the -type dx2-y2/dx2-y2 or the -type dxz/dxz and dyz/dyz pairs of magnetic orbitals, thus favoring the magnetic coupling between the Re IV ions across the intermolecular Re-X···X-Re exchange pathways.
Conclusions
In summary, the crystal structures and magnetic properties of two novel Re IV compounds, of general formula 2-anions and doubly protonated adenine cations have been studied for the first time. In both compounds, the organic cations and the inorganic anions selfassemble into novel supramolecular structures through a combination of hydrogen and halogen bonds. The latter are responsible for propagating relatively strong intermolecular antiferromagnetic exchange interactions between the Re IV ions through short Re-X···X-Re contacts. Given that 1 and 2 are isostructural compounds, exhibiting the same value of the shortest X···X distance, we can directly observe the effect of changing the halide ligand on the magnetic exchange. As evidenced by our results, the larger diffuse character of the 4p orbitals of the bromide ligands when compared to the 3p orbitals of chloride ligands would account for the enhancement of the magnetic exchange observed in 2. This feature may therefore prove to be an effective tool to have in mind when attempting to increase the magnetic coupling in this type of compounds in order to obtain rhenium(IV)-based molecular magnetic materials with higher ordering temperatures.
Experimental Section

Materials and Physical Measurements
All manipulations were performed under aerobic conditions, using materials as received (reagent grade). (NH4)2[ReCl6] and K2ReBr6 were prepared following the synthetic methods described in the literature. 63 Elemental analyses (C, H, N) were performed by the Central Service for the Support to Experimental Research (SCSIE) at the University of Valencia. Infrared spectra of 1 and 2 were recorded (as KBr pellets) with a PerkinElmer Spectrum 65 FT-IR spectrometer in the 4000-400 cm -1 region. Variable-temperature, solid-state direct current (dc) magnetic susceptibility data down to 2.0 K were collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet. Experimental magnetic data were corrected for the diamagnetic contributions of the constituent atoms by using Pascal's constants. 64 
X-ray Data Collection and Structure Refinement
X-ray diffraction data on single crystals of dimensions 0.72 x 0.11 x 0.08 (1) and 0.46 x 0.12 x 0.09 mm 3 (2) were collected on Rigaku Oxford Diffraction XCalibur (1) and Rigaku Oxford Diffraction SuperNova (2) X-ray diffractometers using Mo-Kα radiation (λ = 0.71073 Å). CrysAlisPro was used for diffractometer control and data processing. Crystal parameters and refinement results for 1 and 2 are summarized in Table 1 . The structures of 1 and 2 were solved by direct methods and subsequently completed by Fourier recycling using version 2013/4 of SHELXL. [66] [67] [68] The final full-matrix least-squares refinements on F 2 , minimizing the function w(Fo-Fc) 2 , reached convergence with the values of the discrepancy indices given in Table 1 . All non-hydrogen atoms were refined anisotropically. H7 and H9 atoms of the 9H-adenine-1,7-diium cation were found from the F map and refined, whereas the rest of hydrogen atoms were set in calculated positions and refined using a riding model. The graphical manipulations were performed with CrystalMaker Software. 69 Two novel adenine-based Re IV compounds have been synthesized and magneto-structurally characterized. Both compounds are isostructural hexahalorhenate(IV) salts that crystallize in the orthorhombic system with space group Fdd2. In the present work, we show how the substitution of coordinated chloride anions from the Re IV complex by bromide ligands causes a significant enhancement of the intermolecular magnetic exchange between the paramagnetic metal ions.
